The 22q11.2 deletion syndrome (22q11DS) presents with medical and neuropsychiatric manifestations including neurocognitive deficits. Quantitative neurobehavioral measures linked to brain circuitry can help elucidate genetic mechanisms contributing to deficits. To establish the neurocognitive profile and neurocognitive 'growth charts', we compared cross-sectionally 137 individuals with 22q11DS ages 8-21 to 439 demographically matched non-deleted individuals with developmental delay (DD) and medical comorbidities and 443 typically developing (TD) participants. We administered a computerized neurocognitive battery that measures performance accuracy and speed in executive, episodic memory, complex cognition, social cognition and sensorimotor domains. The accuracy performance profile of 22q11DS showed greater impairment than DD, who were impaired relative to TD. Deficits in 22q11DS were most pronounced for face memory and social cognition, followed by complex cognition. Performance speed was similar for 22q11DS and DD, but 22q11DS individuals were differentially slower in face memory and emotion identification. The growth chart, comparing neurocognitive age based on performance relative to chronological age, indicated that 22q11DS participants lagged behind both groups from the earliest age assessed. The lag ranged from less than 1 year to over 3 years depending on chronological age and neurocognitive domain. The greatest developmental lag across the age range was for social cognition and complex cognition, with the smallest for episodic memory and sensorimotor speed, where lags were similar to DD. The results suggest that 22q11.2 microdeletion confers specific vulnerability that may underlie brain circuitry associated with deficits in several neuropsychiatric disorders, and therefore help identify potential targets and developmental epochs optimal for intervention.
INTRODUCTION
The 22q11.2 deletion syndrome (22q11DS) is characterized by heterogenous medical and neuropsychiatric presentations. [1] [2] [3] [4] [5] [6] [7] [8] Neuropsychiatric features consist of developmental delay (DD) with mild-to-moderate intellectual disability and multiple psychiatric disorders, including anxiety, attention deficit hyperactivity and autism spectrum in childhood, with depression and schizophrenia emerging in adolescence and early adulthood. [2] [3] [4] [5] [6] [7] [8] Although the frequency of these disorders in 22q11DS is relatively high, the developmental patterns and psychiatric phenotypes are similar to manifestations of major psychiatric disorders in the general population. Therefore, the 22q11.2 genetic variation may provide a unique window for elucidating mechanisms of developmental neuropsychiatric disorders. [9] [10] [11] Indeed, rare copy-number variants like 22q11.2 have been associated with several psychiatric disorders where the diagnosis is based on clinical symptom phenotypes. [2] [3] [4] [5] [6] [7] [8] Quantitative neurobehavioral measures that are linked to brain circuitry can be useful in evaluating underlying genetic mechanisms of behavioral domains dimensionally, across psychiatric disorders, and therefore advance translational research with animal models. [9] [10] [11] [12] [13] Thus, 22q11DS provides an inimitable opportunity for dissecting associated neurobehavioral deficits in a way that could eventually lead to a mechanistic account of psychiatric phenomenology.
Reduced intellectual abilities, nonverbal greater than verbal, have been observed in individuals with 22q11DS. 9, 10, [14] [15] [16] Neuropsychological reports indicate impaired executive functions, attention, working memory, verbal and nonverbal memory, visuospatial processing and visuomotor functioning. [17] [18] [19] [20] [21] [22] [23] [24] Notably, most studies examined relatively small samples and did not include age-matched comparison groups. Furthermore, investigations have largely focused on children and on a limited number of cognitive domains. Neuropsychological measures utilize a healthy comparison group to gauge performance and demographic variables such as age and sex are considered. Given the phenotypic complexity of 22q11DS, the choice of an appropriate comparison group is important when examining neurocognitive functioning. To date, there have been no studies comparing performance of individuals with 22q11DS, commonly associated with DD and medical comorbidities, to non-deleted youths with DD, medical comorbidities and no known genetic disorder. Such a comparison is needed to identify neurobehavioral features that can be attributable to the deletion rather than to nonspecific effects of DD or medical sequelae.
To provide quantitative phenotypic measures that can be linked to brain function, we have previously developed a computerized neurocognitive battery (CNB) that consists of tests validated with functional neuroimaging 25, 26 and applied in large-scale genetic studies of schizophrenia. [27] [28] [29] [30] [31] [32] The battery measures accuracy and speed of performance in several domains including executive, episodic memory, complex cognition, social cognition and sensorimotor speed. The CNB was used, concomitant with a comprehensive medical and psychiatric assessment, in a large population-based sample of genotyped youths aged 8-21 years, who participated in the Philadelphia Neurodevelopmental Cohort (PNC). We documented age and sex effects on performance in a subsample of 3500, establishing the sensitivity and validity of the CNB in a developmental cohort. 33 We earlier reported results from a small sample of 21 22q11DS patients assessed for psychotic features. They were compared with non-deleted participants in four groups, varying along the psychosis dimension: low risk, genetic risk, clinical risk and schizophrenia. 34 Individuals with 22q11DS were significantly less accurate in nearly all domains but had similar speed of response compared with the other groups. Their profile resembled that of the psychosis groups in accuracy, except for more pronounced deficits in face memory and social cognition.
In addition to documenting the profile of deficits, understanding the neurocognitive effects of the 22q11.2 deletion requires elucidation of these deficits in a developmental context. Creating a 'growth chart' of cognitive development in 22q11DS relative to non-deleted healthy individuals, as well as individuals with DD and medical comorbidities can help detect lags that relate specifically to the microdeletion. To generate growth charts for integrating brain-behavior phenotypes in a developmental context, 'neurocognitive age' indices are calculated reflecting data-driven predicted age based on performance. When the neurocognitive age lags behind chronological age, there is a delay or below age-expected performance; conversely, when the neurocognitive age surpasses chronological age, there is accelerated or above age-expected performance. We recently reported that non-deleted youths endorsing psychosis spectrum symptoms showed developmental lags compared with healthy participants. 35 Determining the neurocognitive age of individuals with 22q11DS can provide efficient tools for staging and intervention as well as integration with other parameters of brain development that are used to determine 'brain age'. 36, 37 The goal of this study is to examine the neurocognitive profile and neurocognitive age in 22q11DS relative to youths with DD and medical comorbidities as well as typically developing (TD) participants. We hypothesized that youths with 22q11DS are impaired across neurocognitive domains and have lower neurocognitive age relative to chronological age than the other groups. From our original exploratory analysis, 34 we expected that the deficit associated with 22q11DS is larger for performance accuracy than speed and is largest for face memory and social cognition. We also examined whether the developmental lag is comparable across domains or is greater for specific domains.
MATERIALS AND METHODS Sample
The cross-sectional sample included three groups aged 8-21 years that were balanced demographically ( Table 1 ). The 22q11DS sample was recruited as part of a collaborative RO1 between the University of Pennsylvania and Children's Hospital of Philadelphia (CHOP). The two comparison groups of genotyped youths were evaluated contemporaneously by the University of Pennsylvania team as part of the PNC. The PNC was a Grand Opportunity collaborative project between the Brain Behavior Laboratory at the University of Pennsylvania and the Center for Applied Genomics at CHOP in which genotyped children were phenotyped as detailed below. The comparison groups were selected from the larger PNC sample of 9500 participants to match the 22q11DS participants for age, sex and ethnicity. 33, 38 The PNC sample was recruited from the CHOP pediatric network that did not include psychiatric services. . Twenty-one participants with 22q11DS were included in a previously published pilot study. 34 DD and medical comorbidities. A sample of 439 non-deleted individuals who presented to CHOP were part of the PNC and had DD and comorbid medical conditions with no known chrosomal anomalies (for example, Down's, Williams Beuren, Turner, Angelman syndromes). This sample was selected by matching each 22q11DS participant with three DD participants equivalent for sex, race and age using an optimal matching algorithm written in SAS (SAS Institute, Carey, NC, USA). DDs included failure to achieve age-appropriate developmental milestones in motor skills, language and speech, and cognitive functioning. These participants also had significant medical conditions. Information from electronic medical records and parent (ages [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or respondent (ages 18-21) was obtained on 42 conditions that were classified into 14 organ systems/specialties. For conditions with insufficient diagnostic information, manual review of Neurocogntive development in 22q11DS RE Gur et al electronic medical record International Statistical Classification of Diseases and Related Health Problems-9 codes was completed by qualified medical staff. Discrepant information occurred in about 5% of the cases was reconciled by physician review. An index of the overall severity of medical conditions was created with the following levels: (1) none, no ongoing medical conditions requiring sustained intervention or that interfere with overall functioning; (2) mild, conditions requiring pediatric visits and occasional medication but mild in severity; (3) multiple medical conditions requiring standing medications and monitoring; (4) severe medical conditions requiring multiple procedures and monitoring that can be life threatening. To balance medical comorbidities associated with 22q11DS, the DD group included individuals with severity ratings of 3-4. Organ systems affected were similar to those influenced by 22q11DS (cardiac, endocrine, musculoskeletal, immunologic and central nervous system).
Typically developing. Four hundred and forty-four healthy youths with no developmental, medical disorders (rating of 1) and no psychiatric disorders, who were part of the PNC, were selected from the TD participants by matching each of the 22q11DS patients with three TD participants for sex, race and age using the optimal matching SAS algorithm. Exclusion criteria across the three groups included the following: (1) unable to provide signed informed consent. For participants under age 18, assent and parental consent were required; (2) lack of English proficiency; (3) physically and cognitively unable to participate in an interview and computerized neurocognitive testing. Thus, individuals with moderateto-severe intellectual disability, based on clinical evaluation and intelligent quotient testing when available (estimated intelligent quotiento 70) were excluded. Patients from the 22q112DS group with mild hearing impairment were not excluded. Notably, all the tests have visual instructions that were read out loud. Study procedures were conducted while the participants were medically stable and ambulatory. No changes were made in the participants' usual medical and behavioral treatment. All procedures were approved by the Institutional Review Boards of the University of Pennsylvania and the CHOP. Informed consent/assent was obtained from each participant and accompanying parent.
Procedures
The clinical assessment included a computerized adaptation of the KiddieSchedule for Affective Disorders and Schizophrenia 39 and incorporated a timeline of life events, demographics, medical history and psychopathology evaluation. Following the clinical assessment, the computerized neurocognitive evaluation was conducted. The 1-h CNB includes 14 tests assessing 5 neurobehavioral domains: executive (abstraction and mental flexibility, attention, working memory), episodic memory (words, faces, shapes), complex cognition (verbal reasoning, nonverbal reasoning, spatial processing), social cognition (emotion identification, emotion intensity differentiation, age differentiation) and sensorimotor speed (motor, sensorimotor). 25, 33 Except for the tests designed exclusively for measuring speed, each test provides measures of both accuracy and speed. The reading subtest of the Wide Range Achievement Test-Fourth Edition 40 was administered before the CNB in order to determine participants' ability to complete the battery and to provide a performance-based estimate of intelligent quotient.
Data analysis
Raw CNB scores were standardized (z-transformed) as previously detailed. 33 For consistency of interpretation, higher z-scores always reflect better performance; z-scores where higher numbers reflected poorer performance (that is, response time) were multiplied by −1. Thus, an individual scoring one s.d. above the mean would have a score of +1, whereas an individual scoring one s.d. below the mean would have a score of −1. These z-scores were available for accuracy and speed on 12 tests and only for speed on 2, yielding a total of 26 performance measures. These z-scores were used as dependent measures in a multivariate analysis of covariance (MANCOVA; SAS PROC GLM), where sex and diagnosis (22q11DS, DD, TD) served as between-group factors, domain as a repeated measures (within) factor and parental education (average of mother's and father's education in years) and age as covariates. To examine whether overall group effects existed for each diagnostic pairing, we repeated the MANCOVA contrasting TD with 22q11DS, TD with DD and 22q11DS with DD. The analyses were repeated adding standardized WRAT scores as covariates.
To develop the neurocognitive 'growth chart', we performed a regression analysis with 10-fold cross-validation (SAS PROC GLMSELECT), entering age in years: (date of evaluation − date of birth)/365.25 as a dependent measure to be predicted from the 26 performance measures. The regression procedure adds variables to the model until the additional variables do not contribute significantly to the predicted variance (R 2 ) in age. Variables selected by the linear model were submitted to further examination of nonlinear components using a general additive model (SAS PROC GAM). Variables with significant nonlinear trends were entered into the linear model to evaluate whether their squared values added to the ability to predict age. These models were fit separately for males and females because of the well-established sex differences in neurodevelopmental trajectory, which were also evident in the present sample. 33 These procedures were applied for the entire set of scores and then separately for each domain (executive, episodic memory, complex cognition, social cognition and sensorimotor speed) entering all the scores from that domain. Regressions were run separately for males and females and weights were based on the TD sample. As an outcome of these procedures, we calculated the predicted 'neurocognitive age' across domains and for each domain separately. As the regression line was not as steep as the identity line, the predicted age was adjusted to that of the average for the TD group to facilitate interpretability.
The sample size afforded grouping by six age bins as follows: 8-10, 11-12, 13-14, 15-16, 17-18 and >18 (Table 1) . Age and diagnosis (TD, 22q11DS and DD) effects were evaluated as between-group factors in a MANCOVA with parental education as a covariate (SAS PROC GLM). The analysis on the overall cognitive age was followed by an analysis adding domain as a repeated measures (within) factor. To examine whether overall group effects existed for each diagnosis pairing, we repeated the MANCOVA contrasting TD with 22q11DS, TD with DD and 22q11DS with DD.
RESULTS
The diagnosis × sex × domain MANCOVAs on the accuracy and speed z-scores revealed highly significant diagnosis main effects and diagnosis × domain interactions for all three-group and twogroup contrasts, except for an absence of a diagnosis × domain interaction in the contrast between DD and TD ( Table 2 ). These diagnosis effects and interactions were significant after controlling for the significant effects of the covariates (parental education and age), and showed that 22q11DS is associated with greater impairment in accuracy compared with DD, and the domain profile differed between the groups (Figure 1) . Specifically, the largest effect sizes for accuracy in the 22q11DS group, exceeding 1.5 SDs, were for face memory, language, nonverbal reasoning and social cognition. With respect to speed, face memory and emotion identification were differentially slow for the 22q11DS group. Notably, 22q11DS patients were significantly faster for nonverbal reasoning in which they performed inaccurately. This likely reflects lack of effort and impulsive responding on the challenging items. While sex × domain interactions were significant, sex did not interact with diagnosis on any of the analyses. The MANCOVA adding Wide Range Achievement Test Fourth Edition scores as a covariate did not change the significant findings.
The MANCOVAs on cognitive age variables used age group (cross-sectional) and diagnosis as a between-group factor and domain (executive, episodic memory, complex cognition, social cognition and sensorimotor speed) as a within-group factor. Sex was not used as a between-group factor because the cognitive age was calculated separately for males and females and there were no sex × diagnosis interactions in the analysis of the CNB profile. The results indicated highly significant diagnosis × domain × age group interactions for all three-group and twogroup contrasts, except for an absence of such an interaction in the contrast between DD and TD (Table 3) . These interactions were significant after controlling for the significant effects of the covariates (parental education and age) and showed that 22q11DS is associated with specific abnormalities in the developmental trajectories (Figure 2) . The largest developmental delays in the 22q11DS group were for complex cognition and social cognition, whereas their lag was much smaller for executive and memory domains and comparable to that of the developmentally delayed group for sensorimotor speed.
DISCUSSION
In a large well-characterized sample of youths, we found that the accuracy performance profile of participants with 22q11DS showed greater impairment than that of non-deleted individuals with concomitant DD and medical comorbidities. The latter group was in turn impaired relative to TD healthy controls. In addition to buttressing the sensitivity of the battery to the behavioral effects of DD on brain function, the results indicate that the microdeletion confers neurocognitive deficits beyond those associated with DD and medical conditions that require monitoring, medications and interventions. The diagnosis × domain interactions indicated that against a generally reduced level of accuracy performance, the deficits in 22q11DS are most pronounced for face memory and all social cognition measures, followed by language and nonverbal reasoning. Deficits in face memory and emotion identification of facial expressions have been reported in our initial study of 22q11DS compared with healthy participants 34 as well as by others. 41, 42 The underlying deficits in face processing have been examined in functional magnetic resonance imaging and have been reported in 22q11DS, 43 schizophrenia 44, 45 and autism spectrum disorders. 46, 47 Complex cognition, specifically language and nonverbal reasoning, was also differentially impaired in 22q11DS. Such measures of complex cognition, which are more akin to IQ scores, have been commonly assessed in 22q11DS and reported to be impaired. 14, [16] [17] [18] [19] [20] Speed of performance, as indicated by response time, was similar overall for 22q11DS and developmentally delayed non-deleted participants. Again, face memory and emotion identification distinguished the two groups, with individuals with 22q11DS being slower. Notably, nonverbal reasoning was associated with faster response despite poorer performance in the deleted group. This enhanced speed of response to complex reasoning items likely reflects 'giving up' when the challenge is increased.
The growth charts examine neurocognitive age against chronological age and highlight the extent of developmental lags across the age groups. Although the design is cross-sectional, the growth charts of 22q11DS and developmentally delayed individuals diverge for specific domains. Thus, complex cognition and social cognition are most impaired in 22q11DS. There is also Figure 1 . The neurocognitive profile (mean ± s.e.m. z-scores) for accuracy and speed in typically developing (TD, blue line), 22q11.2 deletion syndrome (22q11DS, red line) and developmental delay (DD) with medical comorbidities (orange line). Accuracy scores are presented for executive (ABF, abstraction and mental flexibility; ATT, attention; WM, working memory), episodic memory (VMEM, verbal memory; FMEM, face memory; SMEM, spatial memory), complex cognition (LAN, verbal language-mediated reasoning; NVR, nonverbal reasoning; SPA, spatial processing), social cognition (EMI, emotion identification; EMD, emotion intensity differentiation; AGD, age differentiation). Speed measures are also available for Praxis (MOT, motor speed; SM, sensorimotor speed). Neurocogntive development in 22q11DS RE Gur et al evidence of maturation as chronological aging is associated with improved performance for some neurocognitive domains, such as executive functions and memory. This effect is also seen in DD. The significant age group × diagnosis interactions indicate that the neurocognitive lag is not uniform across the age range. It appears that during early adolescence there is a narrowing of the lag, which then widens during late adolescence and early adulthood. Such results in a cross-sectional study could reflect cohort effects but could also suggest periods when an intervention may have a better yield. The age group × diagnosis × domain interactions further indicate that the developmental lag varies by domain. Indeed, it is quite narrow in the sensorimotor and memory domains especially during early adolescence. Domains in which the developmental lag is smaller could be used in educational and rehabilitative efforts in order to employ compensatory strategies to overcome the more marked developmental lag in complex and social cognition. The profile and growth chart analyses complement each other in pointing out that while patients with 22q11DS
are most impaired in face memory and social cognition, the greatest developmental lag across the age range is for social cognition and complex cognition and it is minimal for sensorimotor and episodic memory. Combined these findings may point to both appropriate timing and nature of therapeutic efforts. 48 The study has several limitations. As this investigation is crosssectional, we cannot examine developmental trajectories that require longitudinal data. Also, although we assessed participants for psychopathology, we do not examine the possible burden of psychiatric disorders that are common in 22q11DS and present in youths with DD. Such an evaluation could be informative but is beyond the scope of this paper and would require an even larger sample of 22q11DS participants. We attempted to tease apart the effects of DD and medical comorbidities on neurocognition by comparing deleted and non-deleted groups on these potentially important contributors to brain function. However, there are other potential approaches such as examining 22q11DS relative to other neurogenetic disorders. Few studies have compared performance Figure 2 . Chronological age compared with predicted neurocognitive age in years for typically developing (TD) participants (blue line), 22q11.2 deletion syndrome (22q11DS, red line) and developmental delay (DD) with medical comorbidities (orange line). Growth charts are provided for a. Predicted age based on all scores (all domains), b-f. Predicted age based on tests grouped by each of the five domains.
of 22q11DS children to other neurodevelopmental disorders. 22q11DS patients showed differing patterns of intellectual functioning, language processing, mixed handedness and degree of laterality relative to children with other genetic disorders including Down syndrome, 49, 50 Turner syndrome 51 and Williams--Beuren syndrome. 50 Finally, the quantitative behavioral tasks were administered to children 8 years of age and older. Deficits are present at earlier ages as documented with traditional testing in 22q11DS [49] [50] [51] and in children at risk for schizophrenia and other psychoses. 52, 53 Notwithstanding these limitations, this large-scale study of wellphenotyped youths indicates significant neurobehavioral deficits in 22q11DS, with developmental lags in domains that can be pursued in animal and genomic investigations. As multiple psychiatric diagnoses are associated with 22q11DS, a detailed genomic examination in relation to the neurobehavioral domain of social cognition 54, 55 and not based predominantly on a specific psychiatric diagnosis, can lead more productively toward a mechanistic account. Neuroimaging, applying functional magnetic resonance imaging tasks designed to probe the face memory and social cognition circuitry, can help identify the nodes in the circuitry that underlie these deficits. [43] [44] [45] Such a dimensional approach can be complemented with mouse models that examine affiliative behavior.
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